We report here the discovery of an attenuation mechanism of classic swine fever virus (CSFV) induced by introduction of a continuous 12-nt (CUUUUUUCUUUU) insertion in viral 3′ UTR. The 12-nt insertion sequence was first found in one attenuated vaccine strain HCLV (Hog Cholera Lapinized Virus) which did not exist in other CSFV strains. To address the function of the 12-nt insertion in viral replication and attenuation, we constructed and analyzed two chimeras stemmed from a highly virulent strain Shimen either with introduction of the 12-nt insertion in 3′ UTR or the replacement of viral 3′ UTR by the 3′ UTR of HCLV. We found that the two chimeras' maximum titers declined approximately 100-fold than their parental strain Shimen in PK15 cells. An animal experiment showed that the two chimeras were both dramatically attenuated in pigs. All the chimera-infected pigs survived infection and remained clinically normal with the exception of a transient fever while the 100% mortality was observed for the Shimen-infected pigs. In addition, the two chimeras can induce neutralization antibody to completely protect the pigs against lethal challenge with highly virulent CSFV, which was similar to the vaccine strain HCLV. These data demonstrate that the 12-nt insertion in 3′ UTR is sufficient for the attenuation of CSFV. Taken together, a novel attenuation mechanism of CSFV is found and may pave a way to further research for new attenuated vaccine.
Introduction
Classic swine fever virus (CSFV) is an etiologic agent which causes a highly contagious and often fatal livestock diseaseclassic swine fever (CSF). Outbreaks of CSF usually lead to significant economic losses in many countries worldwide. CSFV, together with bovine viral diarrhea virus (BVDV) and border disease virus (BDV) constitutes the genus Pestiviruses within the family Flaviviridae (Thiel et al., 1991; Becher and Thiel, 2002) . Like other members of the genus Pestiviruses, CSFV is a small enveloped virus with a positive-sense singlestranded RNA genome of about 12.3 kb in length which contains 5′ untranslated region (UTR) (Poole et al., 1995; Pestova et al., 1998) and 3′ UTR (Deng and Brock, 1993) and one open reading frame (ORF) coding for a polyprotein of about 3898 amino acids (Moenning, 1990; Meyers et al., 1989; Moormann et al., 1990) . The viral polyprotein is co-and posttranslationally processed by both viral and host proteases into 12 mature proteins including N pro , C, E rns , E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B (Rumenapf et al., 1993) .
In CSFV, studies of determinants of virulence and mechanism of viral attenuation progress rapidly thank the successful construction of full-length cDNA infectious clones of CSFV (Ruggli et al., 1996; Meyers et al., 1996; Moormann et al., 1996; de Smit et al., 2000) . Meyers et al. (1999) reported that abrogating the RNase activity in E rns led to CSFV attenuation. Risatti et al. (2005a,b) demonstrated that the E2 glycoprotein of CSFV is a virulence determinant and E1 glycoprotein of CSFV affected viral virulence in swine. Mayer et al. (2004) reported that CSFV can be attenuated by the deletion of the viral N pro gene. However, to our knowledge, little has been reported on the relationship between viral virulence and the untranslated regions of pestivirus. In fact, the untranslated regions of pestivirus also have an important role in viral life cycle. The 5′ UTR of pestivirus contains an internal ribosome entry site (IRES), which mediates cap-independent translation of the viral polyprotein (Poole et al., 1995; Pestova et al., 1998) . The 3′ UTR of BVDV plays essential roles during viral RNA replication (Yu et al., 1999; Pankraz et al., 2005) . In addition, the 3′ UTR of BVDV can serve as the binding determinant for a set of cellular proteins and is believed to coordinate the switch between viral translation and replication (Isken et al., 2004) . So, there is a big possibility that the UTRs of pestivirus could affect the virulence of CSFV through modulating the viral translation or replication.
The effective prevention and control of CSF usually depend on HCLV vaccine in China and many other countries of the world. The HCLV strain of CSFV is a live attenuated vaccine strain and was obtained from the highly virulent strain of CSFV by 480 passages in rabbits in China during the 1950s. The HCLV, also referred to as C-strain, was considered to be one of the most effective and safest live vaccines (Moormann et al., 1996) . However, the mechanism of attenuation of this successful vaccine strain is still largely unknown. In 1998, we finished the complete genome sequencing of strain HCLV and Shimen , a highly virulent CSFV strain. Sequence alignment showed that the genome of HCLV harbored a 12-nt insertion (CUUUUUUCUUUU) at position 61 of 3′ UTR (Xiao et al., 2001) , which was a distinctive difference from those of highly virulent strains of CSFV. It is a very interesting question whether the 12-nt insertion plays an important role in attenuation of HCLV. Furthermore, determining whether this change of 3′ UTR could affect the virulence of CSFV will facilitate understanding of the relationship between viral virulence and the untranslated regions of pestivirus.
Previous study demonstrated that the 12-nt insertion could change the secondary structure of 3′ UTR of CSFV (Xiao et al., 2001) . Another study showed that the 12-nt insertion profoundly down-regulated the replication efficiency of viral RNA fragment in CSFV in vitro (Xiao et al., 2004a) . Furthermore, in case of a plant virus Tobacco Vein Mottling Virus (TVMV), it was demonstrated that a 58-nt insertion (four adjacent direct repeats of a 14-nudeotide sequence, AUAAUUAUAUAUAU, with two additional nucleotides AU) in viral 3′ UTR resulted in the attenuated-symptom phenotype (Rodriguez-Cerezo et al., 1991) . Based on these studies, we presumed that the 12-nt insertion in 3′ UTR of the CSFV probably could influence the replication efficiency and may lead to CSFV attenuation in vivo.
In this study, two chimeras on the background of a highly virulent strain Shimen either with introduction of the 12-nt insertion in 3′ UTR or the replacement of viral 3′ UTR by the 3′ UTR of HCLV were constructed. After recovery of the chimeric viruses from the chimeric infectious clones, replication and virulence were examined to identify the function of the 12-nt insertion in vivo. Furthermore, protection of pigs against lethal challenge which was induced by these chimeras was also evaluated. The results demonstrated that the 12-nt insertion in 3′ UTR represented an important factor for attenuation of HCLV.
Results

Construction of chimeric cDNA infectious clones and rescue of chimeric viruses
The chimeric cDNA infectious clones (ICs) of CSFV were constructed from pT7SM as described in Materials and methods (Fig. 1A) . RNA transcripts were obtained from these ICs and used to transfect PK15 cells. The viruses derived from pT7SM, pT7SM3′-+12 and pT7SM3′-239 were named vT7SM, vT7SM3′-+12 and vT7SM3′-239 respectively and found to contain nucleotide sequences identical to those of their corresponding cDNA ICs. The cell culture infected by vT7SM3′-+12 and vT7SM3′-239 did not show cytopathic effect (CPE) which was similar to the strain Shimen. After five passages, the chimeric viruses still could be detected by RT-PCR (data not shown) and indirect immunofluorescence assay (data not shown).
Growth of chimeric viruses declines compared to vT7SM or Shimen in PK15 cells
Growth kinetics of vT7SM3′-+12 and vT7SM3′-239 were compared with their parental virus vT7SM or Shimen in a multistep growth curve. PK15 cell cultures were infected at a multiplicity of infection (MOI) of 0.1 TCID 50 per cell. Viruses were adsorbed for 1 h (time zero), and samples were collected at times post-infection through 72 h. Growth characters of vT7SM and strain Shimen were almost undistinguished (Fig. 1B) . The growth kinetics and virus yields between vT7SM3′-+12 and vT7SM3′-239 were similar (Fig. 1B) . But the growth of vT7SM3′-+12 and vT7SM3′-239 reduced approximately 100-fold than those of their parental strain vT7SM or Shimen (Fig. 1B) . These data showed that the replication of chimeric viruses were down-regulated compared to their parental strain vT7SM or Shimen.
12-nt insertion leads to strain Shimen attenuation
To assess virulence phenotypes, chimeric virus vT7SM3′-+12 and vT7SM3′-239 were evaluated for virulence in swine compared with vT7SM, Shimen and HCLV. Parental virus vT7SM and Shimen exhibited characteristic highly virulent phenotypes. All animals infected with vT7SM or Shimen presented with typical clinical signs of CSF starting at 3 to 4 days post-infection. No significant differences in time to onset of clinical disease, mortality rate (which was 100%), time to death and severity of disease were observed for vT7SM and Shimen-infected animals (Table 1 ). In contrast, chimeric viruses exhibited significant attenuated phenotypes. Animals infected with chimeric virus vT7SM3′-+12 and vT7SM3′-239 all survived infection and remained clinically normal with the exception of a transient fever (1 to 2 days) ( Table 1) .
White-blood-cell and platelet numbers dropped drastically in the vT7SM and Shimen-infected animals and remained low until death ( Figs. 2A and B) while a transient and much less dramatic effect was observed for the vT7SM3′-+12 and vT7SM3′-239-infected animals ( Figs. 2A and B) . Viremia in vT7SM-12 and vT7SM-3′-infected animals were transient and disappeared after 14 days post-infection. Real-time RT-PCR results showed that the viral RNA copies of vT7SM3′-+12 and vT7SM3′-239 in blood significantly reduced by approximately 10 4 -fold from that with vT7SM or strain Shimen infection ( Fig. 3) , while there was no viremia in the HCLV-vaccinated and control animals.
The 3′ UTR nucleotide sequences of chimeric viruses from infected animals' tonsil scraping samples were identical to those of vT7SM3′-+12 and vT7SM3′-239 viruses used for inoculation. Using a CSFV-specific blocking ELISA kit (HerdChek CSFVAntibody ELISA, Iddex) for the detection of E2 antibody, all the vT7SM3′-+12 and vT7SM3′-239-infected animals developed positive signals with a mean value of more than 65% at day 24 post-infection, as similar to HCLV-infected animals (Fig. 4) . A first serological reaction could be detected at 10 days post-infection. On the contrary, no CSFV E2-specific antibody was detected in any of the sera from animals in the vT7SM and strain Shimen groups (Fig. 4 ).
Histopathological and immunohistochemical analyses were performed for a more-detailed comparison of the virulence of chimeric viruses and their parental strain. In groups of strain Shimen and vT7SM, the histological sections of pigs showed typical CSF histopathological changes including tonsillar, splenic, and submandibular lymphoid necrosis and cell depletion along with a marked histiocytic hyperplasia and reticuloendothelial cell proliferation (Fig. 5A ). The lymph node was characterized by severe lymphoid follicular depletion, necrosis and histiocytosis. While in vT7SM3′-+12 and vT7SM3′-239-infected and HCLV-vaccinated pigs, the structures of lymph node and spleen were integrated, folliculus lymphaticus were well populated, and germinal centers grew well (Fig. 5A) . Tonsillar mucosa endepidermis cells were well-arranged and folliculus lymphaticus grew well without pathogenesis change (Fig. 5A) .
The presence of CSFV antigen in tissues of infected animals was detected by immunohistochemical analysis. In the strain Shimen and vT7SM-infected pigs, subcapsular lymph sinuses and parafollicular regions were marked with immunoreactivity in mandibular lymph node (Fig. 5B) . Similar immunoreactivity was observed in the spleen. In kidney, immunoreactivity was observed in renal tubular epithelial cells (Fig. 5B ). In contrast, there was negative immunoreactivity for mandibular lymph node and kidney in the vT7SM3′-+12, vT7SM3′-239 and HCLV-infected pigs (Fig. 5B) .
These results demonstrated that the 12-nt insertion markedly influenced CSFV virulence. vT7SM3′-+12 and vT7SM3′-239 were significantly attenuated in swine compared to their parental strain vT7SM or Shimen.
Chimeric viruses protect hosts against highly virulent CSFV challenge
After 24 days post-infection, the HCLV, vT7SM3′-+12 and vT7SM3′-239-infected and control pigs all survived. The general condition of these animals was good and no clinical signs, leukopenia or fever was observed. The mean values of sera of Shimen, vT7SM and control groups were negative while the mean value of vT7SM3′-+12, vT7SM3′-239 and HCLV groups scored positive with more than 40% after 10 days post-infection and more than 80% during the days of challenge infection. Intramuscular challenge with the highly virulent CSFV strain Shimen (10 5.5 TCID 50 /pig) was performed at 24 days postinfection. Animals infected with vT7SM3′-+12, vT7SM3′-239 and HCLV all survived the challenge infection (Table 1) . The health status of the pigs previously inoculated with vT7SM3′-+12, vT7SM3′-239 and HCLV remained completely undisturbed, and neither fever nor leukopenia was detectable in any of the animals ( Fig. 2A) . The vT7SM3′-+12, vT7SM3′-239 and HCLV-infected animals produced high titers antibody (Fig. 4) after 6 days post-challenge and completely protected animals against the challenge with highly virulent strain while no antibody can be detected in control animals. All of the control pigs developed typical CSF symptoms which started 3-4 days after challenge and lasted for 6 or 7 days. Severe leukopenia was detected from day 4 to 10 post-challenge ( Fig. 2A) and fever with maximum body temperatures of more than 41.5°C was observed in all control pigs.
Histological sections of control animals emerged typical CSF histopathological changes. In contrast, the vT7SM3′-+12 and vT7SM3′-239-infected animals showed no histopathological change in tonsils and submandibular lymph nodes similar to those described for the HCLV-infected pigs. The histological sections stained by H&E at 16 dpi in submandibular lymphoid and tonsil. In submandibular lymphoid of the vT7SM-infected pigs (1a), note folliculus lymphaticus ( ⁎ ) necrosis and cell depletion along with marked histiocytic hyperplasia and reticuloendothelial cell proliferation; while in the vT7SM3′-+12 (2a) and vT7SM3′-239 (3a)-infected pigs, folliculus lymphaticus ( ⁎ ) were well populated with lymphoid proliferation. In tonsil of the vT7SM-infected pigs note hyperplastic epithelial cells (arrow) and necrosis of lymphatic tissue (triangle) under the mucous membrane, folliculus lymphaticus ( ⁎ ) with associated lymphoid depletion (1b); while the folliculus lymphaticus ( ⁎ ), lymphatic tissue (triangle) under the mucous membrane and epithelial cells (arrow) were well developed in the vT7SM3′-+12 (2b) and vT7SM3′-239 (3b)-infected pigs. (B) Detection of CSFV antigen at 16 dpi in submandibular lymphoid and kidney by immunohistochemistry staining. In the vT7SM-infected pigs (1c), abundant immunoreactivity was both in subcapsular lymph sinuses (arrow) and parafollicular regions; while absence of immunoreactivity in the vT7SM3′-+12 (2c) and vT7SM3′-239 (3c)-infected pigs. In kidney, abundant immunoreactivity was observed in renal tubular epithelial cells (arrow) of the vT7SM (1d)-infected pigs while there was no immunoreactivity in kidneys of the vT7SM3′-+12 (2d) and vT7SM3′-239 (3d)-infected pigs.
All these data showed that vT7SM3′-+12 and vT7SM3′-239 can induce antibody enough to protect the pigs against lethal dose challenge with highly virulent strain, which was similar to the vaccine strain HCLV.
Discussion
In this study, we have shown that a 12-nt insertion (CUUUUUUCUUUU) in viral 3′ UTR can significantly affect the virulence of CSFV. When the 12-nt insertion was added at position 61 in the 3′ UTR, the highly virulent strain Shimen resulted in marked attenuation in swine. Also the replacement of the whole 3′ UTR in strain Shimen with the 3′ UTR of the vaccine strain HCLV led to CSFV strain Shimen attenuation in swine. Moreover, the attenuated chimeras vT7SM3′-+12 and vT7SM3′-239 were able to induce immune response to protect pigs against challenge with highly virulent strain Shimen.
Recently, investigation of the genetic basis and the molecular mechanism of virulence and viral attenuation becomes a fascinating focus in CSFV research. Previous researches have proposed various mechanisms for different virulence determinants of CSFV. Meyers et al. (1999) reported that abrogating the RNase activity in E rns led to CSFV attenuation. As for structural protein E2, a recent study showed that the virulence of CSFV was closely related to the N-linked glycosylation status of E2 protein (Risatti et al., 2007) . It was presumed that E2 and E1 affecting the virulence of CSFV could be associated with some aspects of virus attachment and entry into critical target cells (Risatti et al., 2005a,b) . The non-structural protein N pro affected viral virulence of CSFV in swine, which may be related with its ability to induce IRF3 proteasomal degradation and then to inhibit the expression of IFN-β (Bauhofer et al., 2007; La Rocca et al., 2005; Hilton et al., 2006) . However, previous studies have not yet demonstrated whether the untranslated regions of CSFV were involved in affecting viral virulence. More and more data showed that it were the multi-factors that affected the virulence of CSFV including coding regions and untranslated regions (Risatti et al., 2005a) . This report describes a novel CSFV virulence determinant associated with the 12-nt insertion in 3′ UTR, which was sufficient to lead to CSFV strain Shimen attenuation.
We have shown that 12-nt insertion (CUUUUUUCUUUU) in 3′ UTR significantly affected virulence of CSFV, but the precise mechanism of the 12-nt insertion mediating Shimen's attenuation is unclear. It could be involved with the viral replication rate in vivo because the 3′ UTR of positive-strand RNA virus was believed to play an important role in regulating of replication. According to the growth characters of chimeric viruses in PK15 cells in our study, the maximum titers of vT7SM3′-+12 and vT7SM3′-239 reduced approximately 100-fold than that of vT7SM or Shimen. Previously an in vitro experiment also demonstrated that the 12-nt insertion markedly down-regulated the replication efficiency of CSFV strain Shimen (Xiao et al., 2004a) . There is a possibility that the 12-nt insertion could influence virulence through down-regulating viral replication.
The 3′ UTR of CSFV consists of 228-239 nucleotides which can be divided into a variable region (116-128 bp) and a conserved region (111-112 bp) (Vilcek and Belak, 1997) . According to computer analysis, the 3′ UTR of CSFV strain Shimen folds into four stem loop structures and stem loop 3 (SL3) structure became less-stable after introducing the 12-nt insertion into 3′ UTR of strain Shimen (Xiao et al., 2001) . Moreover, the replacement of the whole 3′ UTR by the 3′ UTR of HCLV not only changed the conformation of stem loops but also changed the number of stems from four to five (Xiao et al., 2001 ). These conformation transitions may be deeply related to the significant down-regulation of the replication efficiency of CSFV in vitro (Xiao et al., 2004a) . The change of structure conformation and the number of the stem loops of 3′ UTR may interfere with the interaction between 3′ UTR and NS5B or NS3 protein which was essential for the initiation and elongation of RNA genome synthesis (Xiao et al., 2004b; Sheng et al., 2007) . In addition, cellular factors have been found to bind with 3′ UTR to participate in replication process in Flavivirus and hepatitis C virus Brinton, 1995, 1997; Ito and Lai, 1997; Chen et al., 1997; Tsuchihara et al., 1997) . Recently, it has been reported that a group of cellular host factors, the socalled NFAR proteins, are implicated in RNA replication of a BVDV replicon and these proteins bind to stem loop 2 (SL2) and SL3 of 3′ UTR (Isken et al., 2003 (Isken et al., , 2004 . The 12-nt insertion was just located in the SL3 and changed the structure of SL3 into a less-stable conformation. This change may influence the interaction between 3′ UTR and cellular factors and further affect the viral replication and virulence.
The results of the present study provide evidence that the introduction of either the 12-nt insertion (CTTTTTTCTTTT) in 3′ UTR or the replacement by the 3′ UTR of HCLV can lead to CSFV strain Shimen attenuation. But this observation is in conflict with some results of Risatti et al. (2005a) . With regard to the results reported by Risatti et al. (2005a) , the chimeric virus (113.1v) with genomic regions containing NS5A, NS5B and the complete 3′ UTR of a virulent strain replaced by homologous areas of a vaccine strain was not attenuated and kept its virulent phenotype. This difference could be due to the use of different virus strains or viral sequence. The virus strains used by Risatti et al. (2005a) were Brescia and CS (AF476687 and AF476688 respectively). In contrast to this study, the virus strains used by our experiments were Shimen and HCLV (AF092448 and AF091507 respectively). In addition, we noticed that the CS strain Risatti et al. used also has a 12-nt insertion compared to strain Brescia in the 3′ UTR. But the 12-nt were TATTTATT-TATC not CTTTTTTCTTTT which may account for the difference between the results of Risatti et al. and ours. Besides the 12-nt insertion, there are three substitutions ( 85 A → G, 92 U → C, 136 U → C) and a deletion ( 230 C) in the 3′ UTR of HCLV compared to strain Shimen. These mutations resulted in a slight difference between the vT7SM3′-+12 and vT7SM3′-239-infected pigs (Table 1) , which showed that the chimeric virus vT7SM3′-239 was attenuated more completely. These mutations may play a cooperative role with the 12-nt insertion to attenuate the strain Shimen in swine. However, the 12-nt insertion was sufficient to lead to strain Shimen attenuation.
Concerned with the immune protection induced by viruses, pigs infected with vT7SM3′-+12 and vT7SM3′-239 were similar to those infected with HCLV including the antibody onset time (Fig. 4) and the rate of protection (Table 1) . Furthermore, the antibody titers induced by vT7SM3′-+12 and vT7SM3′-239 were higher than that of HCLV from 10 to 24 days post-infection (Fig. 4) . These results showed that vT7SM3′-+12 and vT7SM3′-239 exhibited good vaccine properties. The two chimeras could be further developed to new live attenuated vaccines.
We demonstrate that an insertion in untranslated region is responsible for the attenuation of CSFV. This phenomenon has been previously reported in other single-strand RNA viruses. In 1993, scholars reported that a 3-nt insertion in 5′ UTR induced Theiler's Murine Encephalomyelitis Viruses (TMEV) attenuated in mice, which was believed to associate with dramatic down-regulation of the viral translation efficiency by this insertion (Bandyopadhyay et al., 1993) . Rodriguez-Cerezo et al. (1991) also demonstrated that a 58-nt insertion in viral 3′ UTR could induce a plant virus Tobacco Vein Mottling Virus (TVMV) to be an attenuated-symptom phenotype. In CSFV, the 12-nt insertion in viral 3′ UTR not only attenuated strain Shimen but also can cause the virus to induce antibody to protect the host against lethal challenge with high virulent CSFV. These data proved that continuous nucleotide insertion in untranslated region of RNA virus played an important role in regulating the virulence of virus. Applying this mechanism to attenuate viruses could be a new approach to develop live attenuated vaccines.
Materials and methods
Viruses and cells
The porcine kidney 15 (PK15) cell line was obtained from China Center for Type Culture Collection. PK15 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) with 10% fetal calf serum, penicillin (100 units/ml) and streptomycin (100 μg/ml). Cells were maintained at 37°C in a humidified atmosphere containing 5% of CO 2 . The CSFV highly virulent strain Shimen and vaccine strain HCLV were provided by China Institute of Veterinary Drug Control.
Construction of chimeric cDNA infectious clones
A full-length cDNA infectious clone of CSFV strain Shimen named pT7SM was constructed previously (Wu et al., 2003) . cDNAs amplified by reverse-transcriptase polymerase chain reaction (RT-PCR) were cloned into the low-copy-number plasmid pBR322 to obtain pT7SM.
Chimeric cDNA infectious clone (IC) pT7SM3′-+12 was constructed as follows. To introduce the 12-nt insertion (CTTTTTTCTTTT) into a virulent background pT7SM, two overlapping fragments were amplified respectively from pT7SM by two pairs of primers (wy2F: 5′aagagaacaagcttcgagaagc3′ and wycd1R: 5′aaaagaaaaaagaaaattagtgttatctac3′; wycd1F: 5′ ctaattttcttttttcttttttatttatttaggtattactatttattta3′ and wy3R: 5′cata-gaattccgcgggccgttaggaaattacc 3′). An overlap PCR was performed by using the two fragments and primers wy2F and wy3R to get a fusion fragment in which a desired 12-nt insertion (CTTTTTTCTTTT) was introduced. Then, the fusion fragment was double digested by Hind III-EcoRI and gradually cloned into pT7SM to generate a plasmid, pT7SM3′-+12.
Chimeric cDNA IC pT7SM3′-239 was based on pT7SM and with the replacement of viral 3′ UTR by the 3′ UTR of HCLV. Besides the 12-nt insertion (CTTTTTTCTTTT), it contained three substitutions ( 85 A → G, 92 U → C, 136 U → C) and a deletion 230 C in 3′ UTR compared to strain Shimen. The pT7SM3′-239 was constructed as follows. Total cellular RNA was extracted by Trizol Reagent (Invitrogen) from bovine orchic cells infected with CSFV vaccine strain HCLV. An approximately 600 bp DNA fragment comprising the whole 3′ UTR of CSFV HCLV was obtained by RT-PCR. Two overlapping fragments were amplified respectively from pT7SM with primers (wy2F:5′aagagaacaagcttcgagaagc3′ and wycd2R: 5′aga-tcccgggttacccgcgc3′) and the 600 bp of HCLV with primers (wycd2F: 5′gcgcgggtaacccgggatct3′ and wy3cR: 5′cata-gaattccgcgggccgttagaaattacc3′). An overlap PCR was performed by using the two fragments and primers wy2F and wy3cR to get a fusion fragment. Then the fusion fragment was double digested by Hind III-EcoRI and gradually cloned into pT7SM to generate a full-length cDNA IC, pT7SM3′-239.
Rescue of viruses
Full-length genomic ICs (pT7SM, pT7SM3′-+12 and pT7SM3′-239) were linearized with SacII and the 3′ UTR end of SacII site was blunted by T4 DNA polymerase (New England Biolabs). Then the linearized ICs were in vitro transcribed by the T7 RNA polymerase (Promega). After removing the DNA template by DNase I (RNase free) (Promega), the RNA transcripts were mixed with 8 μl Lipofectin2000 (Invitrogen) for transfection on PK15 monolayer in 6-well cell plate for 6 h. Then the cells were maintained in Dulbecco's Modified Eagle Medium (4% fetal calf serum) for 48 h. The viruses recovered from full-length ICs were named vT7SM, vT7SM3′-+12 and vT7SM3′-239, respectively.
The transfected cell cultures were frozen and thawed for 3 times for re-infection on PK15 cells to check the infectivity of vT7SM, vT7SM3′-+12, and vT7SM3′-239. After passage for five times, the infected cell culture was used for RT-PCR detection of virus-specific cDNA fragments of the 5′ UTR, 3′ UTR and NS3 regions. Furthermore, indirect immunofluorescence assay used the CSFV-specific E2 monoclonal antibody (MAb) F48-3-10 (Weiland, E., Tubingen Germany) and the second antibody labeled by FITC was also performed to make sure that vT7SM, vT7SM3′-+12 and vT7SM3′-239 were rescued in the cells. 3′ UTRs of the chimeric viruses were sequenced to compare with their corresponding cDNA ICs.
Multiple growth curves of Shimen, vT7SM and chimeric viruses in PK15 cells PK15 cells were infected with viruses Shimen, vT7SM, vT7SM3′-+12 and vT7SM3′-239 at a multiplicity of infection (MOI) of 0.1. After adsorption for 60 min, cells were washed three times with phosphate-buffered saline (PBS) before overlaid with medium containing 10% fetal calf serum and incubated for 0, 12, 24, 36, 48, 60, 72 h before harvesting by freeze-thawing. Titrations of viruses from samples were conducted by using PK15 cells in 96-well plates (Costar, Cambridge, Mass.), stained via indirect immunofluorescence assay 2 days post-inoculation by using the CSFV E2 monoclonal antibody (F48-3-10) and the second antibody labeled by FITC, calculated by using the method of Reed and Muench and expressed as 50% tissue culture infective dose (TCID 50 )/milliliter.
Animal infections
The purpose of the animal experiment was to test the virulence of vT7SM3′-+12 and vT7SM3′-239 and to compare their virulence with that of strain Shimen or vT7SM. Twentyfour 12-week-old pigs free of CSFV-specific antibody and antigen were randomly divided into six groups as Table 1 indicated. Pigs in former four groups were inoculated intramuscularly with 10 5 TCID 50 /pig of each virus and pigs in HCLV group were vaccinated by HCLV. Clinical signs (anorexia, depression, fever, purple skin discoloration, staggering gait, diarrhea, and cough) and temperature were observed daily throughout the experiment and scored as previously described (Mittelholzer et al., 2000) .
Blood was collected from the anterior vena cava and tonsil scraping samples were obtained for total white-blood-cell and PLT counts and immune analysis at an interval of 3 or 5 days. CSFV-specific blocking ELISA kit (HerdChek CSFV Antibody ELISA, Iddex) was used for the detection of E2 antibody in sera of pigs. Blood samples obtained from inoculated animals were analyzed for the presence of viral RNA by real-time reversetranscriptase polymerase chain reaction (rt RT-PCR) targeting a region within the 5′ UTR as previously described (Wen et al., 2004) .
Pigs in vT7SM and Shimen groups were necropsied on agonal stage. In other groups, two pigs per group and one pig of control group were necropsied at 16 days post-infection (dpi), at which time blood, serum and tonsil scraping samples were obtained. Tissue samples (tonsil, mandibular lymph node, kidney and spleen) were fixed in 10% neutral buffered formalin and processed for paraffin embedding for histopathological studies. Sections of 4 μm were cut, then deparaffinized with xylene and stained with hematoxylin and eosin (H&E) according to the established protocols. Immunohistochemistry staining was performed by Avidin-biotin complex (ABC) method with commercial kits (Zymed laboratories Inc). Briefly, 4-μm sections were first treated with 3% hydrogen peroxide in PBS for 10 min, followed by washes in PBS. Sections were incubated in blocking solution (5% normal rabbit serum in PBS) for 15 min at room temperature and then incubated overnight at 4°C with CSFV-specific antibody of E2 (F48-3-10) (Weiland, E., Tubingen Germany) diluted 1:300 in PBS. After washing in PBS, slides were incubated with biotinylated immunoglobulin G for 30 min at room temperature followed by incubation with ABC reagent for further 30 min. After washing in PBS, sections were incubated in 3, 3′-diaminobenzidine until the required intensity of staining was achieved and then the sections were counterstained with hematoxylin.
Challenged pigs with lethal CSFV
After 24 days post-infection, the HCLV, vT7SM3′-+12 and vT7SM3′-239-infected pigs and control pigs survived. Each pig of the four groups was intramuscularly challenged with the highly virulent CSFV strain Shimen 10 5.5 TCID 50 at 24 days post-infection. Clinical signs (anorexia, depression, fever, purple skin discoloration, staggering gait, diarrhea, and cough) and temperature were observed daily. Blood was collected at an interval of 3 or 5 days for antibody assay and total white-bloodcell and PLT counts. Pigs per group were necropsied at 28 days post-challenge, at which time tissue samples (tonsil, mandibular lymph node, kidney and spleen) were obtained and fixed in 10% neutral buffered formalin for hematoxylin and eosin (H&E) and immunohistochemistry staining.
Total white-blood-cell and platelet counts Blood was collected from the anterior vena cava in tubes containing EDTA. Total white-blood-cell (WBC) and platelet (PLT) counts were obtained with an ABBOTT CELL-DYD1500 counter, respectively.
Nucleotide sequence accession numbers
Shimen and HCLV genomic sequences were deposited in GenBank under accession numbers: AF092448 and AF091507, respectively.
